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Introduction: The aim of this study was to determine whether loss of ACL integrity in an older cohort
precedes the onset of radiographic OA (ROA).
Methods: Participants in this nested caseecontrol study were selected from the Osteoarthritis Initiative
(OAI) study who had risk factors for OA development but did not have ROA (KellgreneLawrence grading
(KLG) of 0 or 1) in both knees at baseline. The MRIs were assessed for the presence of ACL tears. Case
knees were deﬁned by the development of ROA on knee radiographs between the 12 and 48 month
visits. Their radiographs were assessed at P0 (time of onset of radiographic knee OA), 1 year prior to P0
(P-1) and at baseline. Controls were selected from amongst those who did not develop incident ROA and
were matched to cases.
Results: 355 persons who developed ROA were matched to 355 controls. No relationship between loss of
ACL integrity and incident ROA was found at any assessment time point. Odds ratios (OR) for baseline,
1 year prior to incident ROA (P1) and at point of occurrence of incident ROA (P0) were 2.00 (0.66e6.06),
2.5 (0.76e8.24) and 2.75 (0.85e8.88) respectively. A signiﬁcant risk of incident ROA was found in par-
ticipants who had a history of knee injury with an OR of 1.51 (1.05e2.16).
Conclusion: Loss of ACL integrity does not confer a signiﬁcantly increased risk of incident ROA in an
older adult cohort. In contrast, a history of knee injury was associated with an increased risk of incident
ROA.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Despite the introduction of biomechanical training programs in
schools and elite sporting organisations1,2 the knee remains one of
the most commonly injured joints. In the context of osteoarthritis
(OA) the most important injuries are those resulting in the rupture
of the anterior cruciate ligament (ACL), which is responsible for
restraint of anterior tibial translation, as it is often accompanied byD.J. Hunter, Institute of Bone
Hunter).
ternational. Published by Elsevier Ldamage to the articular cartilage, subchondral bone, menisci and
collateral ligaments.
The risk of ACL rupture is higher in adolescents and up to 70%
higher in high-risk sports than in the general population3. ACL
rupture is strongly linked to the subsequent development of OA
with a substantial percentage of patients showing OA changes and
functional disability as early as 10 years after the initial injury3,4. It
is thought to account for up to 15% of a person's risk of developing
knee OA however it typically occurs in adolescents and young
adults3. At the present time, no study has established whether a
similar relationship between ACL injury and incident OA exists in
an older adult cohort. ACL deﬁciency causes increased translational
shear force on the cartilage and in combination with age, is one oftd. All rights reserved.
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of OA development.
The precise pathogenesis behind why ACL ruptures lead to an
increased risk of developing OA and why OA development can be
accelerated in injured joints is not known. Persons with ACL tears
have been shown to be at an increased risk for cartilage loss6,
meniscal degeneration, osteophyte formation and bone marrow
lesions (BMLs)7 with the pattern of damage being consistent with
the initial location of osteochondral injury of an ACL rupture in the
lateral tibiofemoral compartment8.
Although radiographic features such as joint space narrowing
and the presence of osteophytes deﬁne the presence of radio-
graphic OA (ROA), magnetic resonance imaging (MRI) may improve
the assessment of early disease development and progression. MRI
has shown a higher speciﬁcity and sensitivity for the assessment of
joint morphology9 and the diagnosis of post-traumatic degenera-
tive changes10,11. Thus MRI may improve the assessment of early
disease development preceding the development of either joint
space narrowing or osteophyte formation on a plain radiograph. At
this point the underlying structural changes that predate the
development of ROA remain under examined12.
Therefore, the aims of this study were to identify whether a
similar relationship between ACL injury and radiographic knee OA
that as been reported elsewhere in an adolescent cohort3,4 also
exists in an older adult cohort. Furthermore, whether a history of
knee injury in an older adult cohort results in an increased risk of
incident radiographic knee OA.
Patients and methods
Study design and subjects
The study participants were selected from the Osteoarthritis
Initiative (OAI), which is a multi-centre, 10-year, longitudinal,
prospective observational cohort study designed to identify bio-
markers and risk factors for knee OA causation and progression.
4,796 study subjects underwent a detailed assessment annually,
including physical examination, and interview using self-reported
measures, such as joint pain and disability as well as knee MRIs
and radiographs. Covariates including body mass index, muscle
strength, and physical activity were collected in tandem with the
outcome assessments. Details of subject inclusion and exclusion
have been described elsewhere13 however, individuals with bilat-
eral end-stage knee OA, knee arthroplasty, or bilateral radiographs
with Kellgren and Lawrence (KLG) grade 4, and inﬂammatory
arthritis were excluded from the study population.
The individuals for this sub-study were selected from thosewho
did not have bilateral radiographic knee OA at enrolment (i.e.,
KLG of 0 or 1). Some individuals who were selected to this cohort
had frequent knee pain but did not have radiographic tibio-femoral
OA at enrolment14.
Cases and controls
Cases were deﬁned as study participants who had at least one
knee that developed incident ROA; i.e., the ﬁrst occurrence of
radiographic ﬁndings compatible with OA (KLG of 2 on the PA
view)15 from baseline to the 48 month visit. The ﬁrst occurrence of
ROAwas called time point P0. The 12 month time point before ROA
was called P1.
The same number of controls were selected from the partici-
pants who did not develop incident ROA during the study period
and matched to cases knees on sex, age within 5 years and
contralateral knee status (i.e., KL ¼ 0,1, or 2þ in the other knee).
Each case was matched to a sample of those who are at risk at thetime of case occurrence, whether this be at 12, 24, 36 or 48 months
of follow-up. Both cases and controls were KLG 0 or 1 at baseline
and the case knee had to display no radiographic signs of incident
OA to be eligible as a control.
Radiographs
Radiography of both knees was performed in all subjects. The
radiographs of knees were assessed for their KLG16. Radiographs
acquired at baseline, 12, 24, 36 and 48-month visits were read by
the OAI central readers for KLG of 2 (case deﬁnition)16 on the
postero-anterior (PA) knee radiographs.
A total of 355 participants who displayed KLG of 0 or 1 at
baseline, went on to develop radiographic signs of knee OA at
relevant time points (deﬁned as KLG 2 on the PA ﬁxed-ﬂexion
radiographs with incidence cases not having any deﬁnitive joint
space narrowing).
MRI sequence parameters
MRI acquisition was performed using a 3 T MRI system (Trio,
Siemens Healthcare, Erlangen, Germany) at the four OAI clinical
sites. Non-contrast enhanced MRIs of both cases and controls from
enrolment and the visits prior to and when meeting case and
control deﬁnitions, were read.
The MRI pulse sequence protocol included a coronal two-
dimensional intermediate-weighted (IW) turbo spin-echo17,
sagittal three-dimensional (3D) dual-echo at steady-state (DESS),
coronal and axial multiplanar reformations of the 3D DESS and
sagittal IW fat saturated (FS) TSE sequences. Additional parameters
of the full OAI pulse sequence protocol and sequence parameters
have been published in detail13.
The MRI Osteoarthritis Knee Score (MOAKS) systemwas used to
assess the whole joint for structural changes compatible with knee
OA7. MRI readings were performed by AG and FWR with 14 and 11
years experience in MRI semi-quantitative assessment respectively.
Scores were entered directly into an electronic web-based data-
base. All MRIs were read sequentially and un-blinded to time point,
but blinded to case/control status. Inter-rater calibration and
reliability-testing on a subset of MRI scans was performed for MRI
reading quality control. Subsequently, on going surveillance for
measurement drift was carried out by AG by re-reading 5% of the
MRIs.
ACL tears
Sagittal and coronal views were used to detect the presence of
an ACL tear at baseline and scored on a 0e2 scale (0 ¼ normal,
1 ¼ partial tear and 2 ¼ complete tear). A tear was deﬁned as
complete when complete disruption of ACL ﬁbres and ligament
discontinuity were noted, whilst residual straight and tight ACL
ﬁbres in at least one-pulse sequence was deﬁned as a partial tear.
Since partial tears may change the joint biomechanics and thus the
pattern of joint damage, partial and complete tears have been
combined. Fig. 1 shows an example of an ACL tear that occurred
between baseline and P0, as visualized on MRI. All MRIs were read
by a single board-certiﬁed musculoskeletal radiologist, separate
from the scoring of other joint features and blinded to the hy-
pothesis being tested.
Selection of knees for inclusion
All incident knees were classiﬁed into one of ﬁve strata based on
the baseline KLG status in both knees. Strata A was participants
who had KLG ¼ 0 for both knees. Strata B for KLG ¼ 0 in one knee
Fig. 1. Prevalent ACL tear in a 61-year-old male participant. A. Sagittal FS IW MR image shows complete disruption of ACL (arrowhead). Note also increased bowing of posterior
cruciate ligament (arrow), an indirect sign of ACL damage and potential joint instability. ACL damage may be prevalent in osteoarthritis without recall of previous injury. B. Coronal
IW image shows complete rupture of ACL with only remnant ﬁbers visible (thin arrows). Likely etiology of non-traumatic ACL disruption in this case was chronic friction of tibial
spine and femoral notch osteophytes. Note absence of osteophytes at the joint margins.
Table I
Baseline characteristics of the cases and controls in the study population
Total (N ¼ 710) Controls (N ¼ 355) Cases (N ¼ 355)
N % N % N %
Participant Demographics
Gender Male 236 33.24 118 33.24 118 33.24
Female 474 66.8 237 66.8 237 66.8
Mean Age 60.1 ± 8.5 60.0 ± 8.4 60.1 ± 8.6
Mean BMI 28.3 ± 4.5 27.7 ± 4.4 28.9 ± 4.5
Strata Class
A 126 17.75 63 17.75 63 17.75
B 152 21.41 76 21.41 76 21.41
C 166 23.38 83 23.38 83 23.38
D 118 16.62 59 16.62 59 16.62
E 148 20.85 74 20.85 74 20.85
Baseline Kellgren and Lawrence (grades 0/1)
0 266 37.46 133 37.46 133 37.46
1 444 62.54 222 62.54 222 62.54
Injury at Baseline
152 21.41 63 17.75 89 25.07
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for those with KLG ¼ 0 in one knee and KLG 2 in the other and
strata E for participants who had KLG ¼ 1 in one knee and KLG to
2 in the other.
Assessment of joint injury
History of previous injury to the knee was evaluated at the
enrolment visit by asking the participants whether they have ever
injured their knee(s) badly enough to limit their ability to walk for
at least 2 days.
Statistical analysis
Conditional logistic regression models were employed to model
the relationships between the key predictors and OA. A GEE (gen-
eral estimated equations) method with a robust sandwich esti-
mator was used to account for the correlations between knees for
cases of bilateral incident OA or two knees from the same individual
used as controls.
The ACL tear predictors and their odds-ratios were modelled;
the time point concurrent with incident ROA (P0), the time point 1-
year prior to incident ROA (P1) and baseline.
Results
The demographics and baseline clinical parameters are listed in
Table I. Sixty-six percent of the study population were women, the
average age of the case subjects was 60.1 years with a standard
deviation (SD) of 8.6, with the average age of the matched controls
being 60.0 years with an SD of 8.4. The mean BMI was 28.9 kg/m2
(SD 4.5) and 27.7 kg/m2 (SD 4.4) for cases and controls, respectively
and this difference was signiﬁcant (P ¼ .0003).
A total of 16 study participants demonstrated either a partial or
complete ACL tear, of which 15 study participants had either partial
or complete ACL tears at baseline. Of these 15 tears present at
baseline, 14 ACLs were graded as partially torn (four controls and 10
cases) and one participant in the control group was graded as
completely torn. The remaining ACL tear occurred in a participant
in the case group who was noted to have partially torn their ACL at
the P0 time point. The timing of onset of ROA (not timing of ACL
tear) with the number of subjects who developed ROA at each time
point is illustrated in Fig. 2. Of the 710 study participants, a history
of knee injury was reported in 63 controls and 89 cases at baseline.Results of the effect of ACL tear and history of injury on the
incidence of knee OA can be found in Table II. No signiﬁcant rela-
tionship between radiographic incident OA and rupture of the ACL
was found at any of the observed time points (P1 OR ¼ 2.50, 95%
CI ¼ 0.76e8.24; P0 OR ¼ 2.75, 95% CI ¼ 0.85e8.88). Only in par-
ticipants who reported having a history of knee injury at baseline
(OR ¼ 1.51, 95% CI ¼ 1.05e2.16) was a signiﬁcantly increased risk of
developing incident radiographic knee OA found.
Discussion
The results presented show that, in an older adult cohort, an ACL
tear is an infrequent event that does not appear to signiﬁcantly
predispose an individual to incident knee ROA.
Traumatic knee injuries involving ACL rupture are the most
common form of knee injury and due to it's high incidence in ad-
olescents3,18, it has been widely studied due to its potential for the
subsequent development of OA as well as functional disability as
early as 10 years after the initial injury3,4. A review by Oiestad17
reported a prevalence of knee OA of 13% for subjects who suf-
fered from an isolated traumatic injury of the ACL. Our study also
demonstrated that participants who reported a history of knee
injury, or who had an observable injury at baseline testing
conferred a signiﬁcant risk of developing incident knee ROA.
Fig. 2. Schema detailing the timing of onset of ROA with the number of subjects who developed ROA at that time point.
Table II
Conditional logistic regression analysis for occurrence of incident ROA due to ACL
tears in the study population
Total
(N ¼ 710)
Controls
(N ¼ 355)
Cases
(N ¼ 355)
OR 95% CI
N % N % N %
ACL Tear at Baseline
No Injury 695 97.89 350 98.59 345 97.18 1.00
Partial Tear 14 1.97 4 1.13 10 2.82 2.00 0.66e6.06
Complete Tear 1 0.14 1 0.28
ACL Tear Present 12 months prior to Radiographic Incidence (P1) N ¼ 660
No Injury 646 97.88 326 98.79 320 96.97 1.00
Partial Tear 13 1.97 3 0.91 10 3.03 2.50 0.76e8.24
Complete Tear 1 0.15 1 0.30
ACL Tear Present at Radiographic Incidence (P0) N ¼ 670
No Injury 655 97.76 331 98.81 324 96.72 1.00
Partial Tear 15 2.09 4 0.90 11 3.28 2.75 0.85e8.88
Complete Tear 1 0.15 1 0.30
Baseline Injury
152 21.41 63 17.75 89 25.07 1.51 1.05e2.16
Bold values represent the only numbers that reached signiﬁcance.
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cohort have a signiﬁcantly increased risk of developing knee OA
post ACL injury, it has not beenwidely documentedwhether an ACL
injury in older cohorts, in which OA is more prevalent, carries a
similar risk. This study demonstrated that in an older cohort having
a partial ACL tear, whether it is a partial or complete, does not lead
to a statistically signiﬁcantly increased risk of incident ROA. A
similar result was found by the only other paper to have investi-
gated this question. Amin et al.19 found that a complete ACL tear did
increase the risk for cartilage loss at the medial tibiofemoral com-
partments. However, following adjustment for the presence of
medial meniscal tears there was no further increased risk for
cartilage loss. Thus it was concluded that individuals with knee OA
and an incidental complete ACL tear did not confer an increased risk
for cartilage loss above that of what is mediated by meniscal
pathology.
One potential reason for this difference has been suggested in a
study by Hasegawa et al.20 which identiﬁed degenerated ACLs in
knees without cartilage degeneration. It was shown thatinﬂammatory cells existed between collagen ﬁbers within the ACL
substance, regardless of the presence of cartilage degeneration.
This indicated that an inﬂammatory process is driven by ACL
intrinsic mechanisms that are linked explicitly with ageing.
Therefore, these degenerative ligamentous changes may contribute
to the increased fragility of the ligament thus predisposing it to
tearing or rupture fromminor trauma independent of the cartilage,
osteochondral or meniscal changes associated with OA. These
ﬁndings are particularly relevant to this study because where an
ACL tear was observed on MRI in participants in this study they
were not deﬁnitively linked to a prior signiﬁcant injury, thus sug-
gesting that many of these tears were degenerative in nature.
Another reason for the differences between these two pop-
ulations could be due to the nature of the injury. In adolescents the
majority of ACL injuries occur during sporting activities that involve
pivoting and jumping. These injuries usually involve large impact
forces and most often result in injury not only to the ACL but also to
themeniscus andarticular cartilagewith a subsequent development
of BMLs4. It is these large forces that are responsible for themajority
of tissue damage21. It has been shown that occult osteochondral
lesions of the posterolateral tibial plateau are seen on MRI in
80e90% of patients with an acute ACL injury suggesting that artic-
ular cartilage sustains a considerable impact at the time of injury8.
Oiestad et al.17 proposed that the prevalence of OA due to ACL
rupturewith concomitantmeniscal damagemight be as high as 40%.
Injury to the ACL in the elderly population would not require
large forces when considering the aforementioned ligamentous
degenerative changes. Without these large forces being imparted
on the joint, there may be no associated injury to the meniscus or
underlying articular cartilage at the time of ACL rupture. Thus it is
likely that incidental tears to the ACL do not impact upon other
joint tissues and as such do not contribute to the pathological
processes of knee OA.
Limitations
The frequency of ACL tears in this study samplewas smaller than
previously described in the literature with one complete ACL tear
and 15 partial ACL tears with a tear rate of 2.25% in the whole study
population. Previous studies investigating ACL tears in individuals
V.L. Johnson et al. / Osteoarthritis and Cartilage 23 (2015) 882e887886with established knee ROA presented rates of ACL full-thickness
tears ranging from 22 to 35%6,22. This decreased prevalence of
ACL tears may be related to the selection factors used to deﬁne the
355 participants chosen from the OAI study to become part of this
sub-study. The ﬁdelity of MRI in ACL diagnosis has accuracy be-
tween 90% and 100% compared to knee arthroscopy, which is the
gold standard23,24, but is yet to be demonstrated in patients with
knee OA. Such misclassiﬁcation would bias towards a null result, so
our ﬁndings may underestimate the true associations.
Having only 16 participants out of a sample size of 710 suffer
from a complete or partial ACL tear makes this a small sample size.
This would explain why the point estimate OR at baseline, P0 and
P1 were substantial yet the 95% CI did not produce signiﬁcance.
Furthermore, MRI appears to be limited in the diagnosis of partial
tears, and thus there is a possibility that other participants with
partial tears may have been missed. Hence, these results need to be
conﬁrmed in a larger cohort.
Given concomitant ACL and meniscal tears/subluxation likely
accelerate structural progression it would have been helpful to
know about meniscal function and status. At the time of writing
this data was not unfortunately available for inclusion.
Finally, the relationship between partial ACL tears and the
development of incident OA is uncertain and not well documented.
As themajority of tears observed in this studywere rated as ‘partial’
comparisons between our study and with studies of complete tears
are therefore of limited signiﬁcance.
Conclusion
In summary, the loss of ACL integrity on MRI imaging may not
confer a signiﬁcantly increased risk of incident ROA in an older
adult cohort. Our study only found that patients who had a history
of knee injury had an increased risk of incident ROA. Further lon-
gitudinal research is required to corroborate these ﬁndings.
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